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ABSTRACT
Aims. Two-dimensional magnetohydrodynamic (MHD) simulations are used to model the emission properties of TeV-
bright shell-type supernova remnants (SNRs) and to explore their nature.
Methods. In the leptonic scenario for the TeV emission, the γ-ray emission is produced via Inverse Compton scattering
of background soft photons by high-energy electrons accelerated by the shocks of the SNRs. Since the energy density of
the Cosmic Microwave Background (CMB) radiation and that of the IR/Optical background photons are much higher
than that of the photons produced by the same high-energy electrons via the synchrotron process, in a previous paper,
we showed that the observed correlation between X-ray and TeV brightness of SNR RX J1713.7-3946 can be readily
explained with the assumption that the energy density of relativistic electrons is proportional to that of the magnetic
field. The TeV emissivity is therefore proportional to the magnetic field energy density and MHD simulations can be
used to model the TeV structure of such remnants directly. 2D MHD simulations for SNRs are then performed under
the assumption that the ambient interstellar medium is turbulent with the magnetic field and density fluctuations
following a Kolmogorov-like power-law spectrum.
Results. (1) As expected, these simulations confirm early 1D and 2D modelings of these sources, namely the hydro-
dynamical evolution of the shock waves and amplification of magnetic field by Rayleigh-Taylor convective flows and
by shocks propagating in a turbulent medium; (2) We reproduce rather complex morphological structure for γ-rays,
for example, bright thin rim and significant asymmetry, suggesting intrinsic variations of the source morphology not
related to the structure of the progenitor and environment; (3) The observed radial profile of several remnants are well
reproduced with an ambient medium density of 0.1− 1 cm−3. An even lower ambient density leads to a sharper drop
of the TeV brightness with radius than what is observed near the outer edge of these remnants.
Conclusions. In a turbulent background medium, we can reproduce the observed characteristics of several shell-type
TeV SNRs with reasonable parameters except for a higher ambient density than that inferred from X-ray observations.
Key words. ISM: supernova remnants – MHD – plasmas – radiation mechanisms: non-thermal – shock waves – turbulence
1. Introduction
It is generally believed that supernova remnants (SNRs) are the main acceleration sites of Galactic cosmic rays. Since
charged cosmic ray particles escaping from SNRs are mixed in the Galactic magnetic fields and can not be used to image
their sources of origin directly, detection of high-energy γ-rays from SNRs is very useful for testing whether SNRs are
responsible for the origin of the bulk of the cosmic rays observed at the Earth. However, an open question is whether
the observed high-energy γ-ray emission from an SNR has a hadronic or a leptonic origin (e.g., Katz & Waxman , 2008;
Yuan et al. , 2012).
Nonthermal photons from SNRs in the radio to X-ray bands are produced by the synchrotron radiation of relativistic
electrons. The detection of synchrotron X-rays in some SNRs shows that electrons can be accelerated efficiently to TeV
energies by shocks of SNRs (e.g. Koyama et al. , 1995). Although several young SNRs have been detected to emit GeV
to TeV γ-rays (e.g. Abdo et al. , 2011; Abramowski et al. , 2011), it is not clear whether these SNRs produce high-
energy protons or not. High-energy γ-ray photons can be produced by either inverse-Compton(IC) process or pi0-decay
corresponding to the leptonic or hadronic origin, respectively. For example, γ-ray emission from SNR RX J1713.7-3946
is likely produced by very energetic electrons radiating through IC scattering against some photon background (Abdo et
al. , 2011), and objects like the Tycho SNR likely emit GeV γ-rays via the decay of neutral pions produced in nuclear
collisions between shock accelerated relativistic nuclei and those in the background plasma (Morlino & Caprioli , 2012;
Ackermann et al. , 2013).
Recent X-ray and γ-TeV observations have revealed a group of TeV-bright shell-type SNRs with SNR RX J1713.7-3946
as a prototype. Similar to SNR RX J1713.7-3946, no thermal emission has been detected from SNRs RX J0852.0-4622
and HESS J1731-347; the γ-ray luminosity is only a factor of a few lower than the X-ray luminosity; and they have a
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very hard spectrum in the ∼ GeV energy range, which favor the leptonic origin for the GeV−TeV emission with a low
mean magnetic field of ∼ 10 µGauss (Li et al. , 2011; Ellison et al. , 2012; Yuan et al. , 2012; Yang et al. , 2014). Rapid
variations of X-ray filaments with a width of about 0.1 light year on a timescale of ∼ 1 year have been interpreted as
due to radiative energy loss of TeV electrons in strong (∼ 1 mG) fields (Uchiyama,et al., 2007). The strong field may
only exist in these filaments with a very small volume filling factor, and alternative explanations for this variability with
a weak mean field have been proposed as well (Bykov et al. , 2008; Liu et al. , 2008). Although thermal emission has
been detected from SNR RCW 86 (Williams et al. , 2011), the characteristics of nonthermal emission from this remnant
is very similar to other TeV-bright shell-type SNRs (Lemoine-Goumard et al. , 2012; Yuan et al. , 2014). These results
imply a universal mechanism of particle acceleration by shocks of SNRs (Yuan et al. , 2012).
The nonthermal emission of these remnants has a well-defined shell structure and there is evidence that the relative
mean thickness of the emitting shell varies from remnant to remnant (Aharonian et al. , 2006, 2007). Previously 1D
modeling of particle acceleration in SNRs has been used to study the radial brightness profile in the hadronic scenario
(Berezhko & Vo¨lk , 2010). Detailed study of the source structure with MHD simulations hasn’t been carried out. Although
these remnants have complicated appearance in X-rays and γ-rays with significantly fluctuations in both the radial and
azimuthal directions, there is a good correlation between the X-ray and γ-ray brightness (Acero et al. , 2009). Magnetic
fields play an important role in collisionless astrophysical shocks and in the acceleration of charged particles. They can
be amplified by cosmic ray induced streaming instability in the presence of efficient particle acceleration (e.g. Bell , 2004;
Riquelme & Spitkovsky , 2009). In a turbulent medium, they can also be amplified by turbulent motion in the shock
downstream(Giacalone & Jokipii , 2007). The latter has been explored recently by Guo et al. (2012) who performed
extensive 2D numerical simulations for SNR blast wave interacting with a turbulent plasma background and found that
the magnetic field can also be amplified by Rayleigh-Taylor convective flows induced at the contact discontinuity of the
shock flows. In our previous paper (Yang & Liu , 2013), we have shown that the observed correlation between X-ray and
γ-ray brightness for SNR RXJ 1713.7-3946 suggests that the energy density of the accelerated electrons is proportional
to that of the magnetic field in the leptonic scenario for the γ-ray emission. In this paper, we study the structure of these
remnants and the effect of magnetic inhomogeneity on the TeV profile and morphology by using 2D MHD simulations.
Our 2D MHD simulations are based on the PLUTO code (Mignone et al. , 2007). In Section 2, we describe the MHD
model and show the magnetic field structure. In section 3, an algorithm is proposed to convert the 2D magnetic field
structure into a γ-ray image of the remnant and several simulations are done to fit the azimuthal averaged radial profile
of the TeV brightness of the remnants mentioned above. Discussion and our conclusions are given in Section 4.
2. Model Description
The numerical model has been described in Yang & Liu (2013). For the sake of completeness, we briefly summarize the
key issues here. The dynamical evolution of an SNR shock propagating into a turbulent ambient medium is simulated
with the time-dependent ideal MHD equations of mass, momentum, and energy conservation:
∂tρ+∇ · (ρu) = 0 , (1)
∂tρu+∇ ·
(
ρuu− BB
4pi
)
+∇P ′ = 0 , (2)
∂E +∇ ·
[
(E + P ′)u− B(u ·B)
4pi
]
= 0 , (3)
and the induction equation:
∂tB+∇× (u×B) = 0 , (4)
where P ′ = P +B2/8pi is the total pressure with thermal pressure P and magnetic pressure B2/8pi, and cgs units have
been adopted in this paper. E is the total energy density:
E =
P
γ − 1 +
1
2
ρu2 +
B2
8pi
, (5)
ρ, u, B, and γ = 5/3 are the plasma mass density, fluid velocity, magnetic field, and the adiabatic index, respectively.
The numerical scheme to solve the ideal MHD equations was presented by Mignone et al. (2007) in detail. We model
the simulation in a two-dimensional Cartensian coordinate (x, y) with uniform grids. The size of simulation domain is
chosen to be 40 pc × 40 pc to cover the extension of young SNRs . The supernova blast wave is driven by the injection
of internal energy and ram pressure in a small circular region at the center of simulation box, in which the density is
assumed to be constant corresponding to a plateau volume (4pir3inj/3) with rinj = 0.5 pc. The initial magnetic field and
density in the background plasma include an average component and a turbulent component. We assume a constant
average magnetic field B0 along the x direction and a constant average gas density n0 (Guo et al. , 2012).
Both density and magnetic fluctuations are generated by the assumption of a Kolmogorov-like power-law spectrum
of the form
P (k) ∝ 1
1 + (kL)Γ
, (6)
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where the spectral index Γ depends on the dimensionality and equals 8/3 for 2D system. k is the magnitude of the
wavevector and L = 3 pc is the turbulence coherence length. The turbulence is generated by summing a large number
of discrete wave modes with random phases (Giacalone & Jokipii , 1999). The random component of magnetic field is
given by
δB(x, y) =
Nm∑
n=1
√
CB2pikn∆knPB(kn)(sin θnxˆ− cos θnyˆ)
× exp(i cos θnknx+ i sin θnkny + iφn) (7)
where PB(kn) represents the power of the wave mode n with wavenumber kn. The turbulence distributes randomly in
propagation direction −1 < cos θn < 1 and with a random phase 0 < φn < 2pi. CB is a normalization constant determined
by 〈δB2〉 = B20 , where 〈〉 represents averaging in space.
The density fluctuations satisfy the following probability distribution (Giacalone & Jokipii , 2007; Burlaga & Lazarus
, 2000):
n(x, y) = n0 exp(f0 + δf) (8)
where f0 is a constant chosen to give the average density n0 and the description of δf is similar to the turbulent part of
the magnetic field:
δf(x, y) =
∑Nm
n=1
√
Cf2pikn∆knPf (kn)
× exp(i cos θnknx+ i sin θnkny + iφn) , (9)
with the normalization constant Cf determined by 〈(δn)2〉 = 0.4n20.
Guo et al. (2012) carried out extensive study of 2D MHD simulations of SNRs in a turbulent medium. We first have
a test run with n0 = 0.04 cm
−3, B0 = 0.8 µG, the total injected internal energy ESN = 2× 1051 ergs, and the total mass
of the ejector Mej = 2M. The left panel of Figure 1 shows the magnetic field structure at 1600 years. The units of the
coordinates are pc and the color scale is the logarithmic of the magnetic field in units of µG with the peak magnetic
field reaching about 100 µG. The magnetic field near the shock front is mostly amplified by turbulent motion in the
downstream (Giacalone & Jokipii , 2007). The strongest magnetic field however is produced by Rayleigh-Taylor convective
flows near the contact discontinuity. Since the ejector is uniform, the magnetic field is very weak in the downstream of
the reverse shock.
In order to construct the profile of ∼TeV emission, we adopt the leptonic scenario where the γ-ray is produced via
the IC of background soft photons off high-energy electrons accelerated by the shocks. Besides the CMB radiation, we
also include an IR background photon component with a temperature of T = 30 K and an energy density of 1.2 eV cm−3
(Yang & Liu , 2013). The energy density of radio to X-ray band synchrotron component of the SNRs is much lower than
the energy density of the CMB radiation, the synchrotron self-Comptonization process therefore can be ignored. Since
the background photon field is approximately uniform, the γ-ray emission characteristics are then determined by the
properties of energetic electrons. Yang & Liu (2013) showed that the observed correlation between the X-ray and γ-ray
brightness of these SNRs implies that the electron energy density is proportional to the magnetic field energy density,
we then can describe the electron spatial distribution simply as the following:
dN(x, y)
dγe
= CB(x, y)2Fγe , (10)
where Fγe ∼ γδe exp(−γe/γmax) is a power law energy distribution with an exponential cutoff and γe is the electron
Lorentz factor. From the overall γ-ray spectrum of SNR RX J1713.7-3946, we find δ = −2 and γmax = 1.3 × 107 (Li
et al. , 2011; Yang & Liu , 2013). The proportionality of the magnetic field and high-energy electron energy densities
then implies that the electron distribution only depends on the magnetic field energy density and the structure of TeV
emission is determined by B2. A recent study of TeV bright shell-type SNRs by Yang et al. (2014) showed that the
energy partition between energetic electrons above 1 GeV and the magnetic field may be different for different SNRs
with a tendency that the total magnetic field energy within the volume enclosed by the front shock of SNRs increases
faster than that of energetic electrons as the SNRs evolve. But the proportionality of these energy densities is inferred
from the correlation between the X-ray and γ-ray brightness in the leptonic scenario, we therefore expect our treatment
be valid for sources with a good correlation between the X-ray and γ-ray brightness as far as the spatial structure of the
γ-ray emission is concerned.
3. Results
In the following, we use SNR RX J1713.7-3946 as a prototype to describe the modeling. The remnant was first discovered
in X-rays with the ROSAT all-sky survey in 1996 (Pfeffermann & Aschenbach , 1996). It is close to the Galactic plane
and its distance and ages are about 1 kpc and 1600 yrs respectively (e.g. Fukui et al. , 2003; Cassam-Chena¨ı et al. , 2004),
and the radius of the remnant is about 10 pc (Acero et al. , 2009). The gamma-ray image of SNR RX J1713.7-3946 is
consistent with a thick emitting shell with a thickness close to half of the radius and with the emissivity of southeast
part is a factor of two lower than the rest (Aharonian et al. , 2006).
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3.1. Structure and Radial Profile of TeV Emission
Fig. 1. Left: The structure of the magnetic field B in units of µG at 1600 years of a test run with n0 = 0.04 cm
−3. The
rest of the model parameters are shown in the text. Middle: TeV image derived from the 2D MHD simulation. The image
has been normalized to its peak value. Right: Comparison of the observed radial profile averaged along the azimuthal
direction with results (solid line) derived from the 2D MHD simulation. The dotted line is obtained by averaging the
radial brightness profiles obtained in the position angle range of 0.7pi to 0.95pi in the middle panel.
To model the observed morphology of the TeV emission, we also need to construct a pseudo 3D structure with
2D simulations. One can integrate B2, which is proportional to the TeV emissivity, along a direction (presumably
corresponding to the line-of-sight) in the 2D simulation domain to obtain a brightness profile in the radial direction
of the SNR. Such a radial profile can be obtained for all angular directions in the 2D domain. To mimic the observed
TeV image, we stack the radial profile obtained above continuously in a polar coordinate and smooth the resultant
2D structure with the point spread function of the HESS. The middle panel of Figure 1 shows such an image derived
from the structure of the magnetic field shown in the left panel for an assumed distance of 1 kpc. The arcs connecting
the center and the outer rim are artifacts of the algorithm proposed above. Although this image does not recover all
details of the TeV image obtained with the HESS (Aharonian et al. , 2006), the strong variation of the brightness in
the azimuthal directions and the shell structure is well reproduced. The one-sided structure of the simulated TeV image
is closely related to the asymmetry of the magnetic field structure. Due to the presence of a large scale magnetic field
in the horizontal direction, the magnetic field at the bottom and top segments of the SNR shown in the left panel is
preferentially amplified with the bottom segment amplified the most. Since the TeV emissivity is proportional to B2, the
asymmetry in the magnetic field structure is further amplified in the TeV image giving rise to the bright southern rim
in the TeV image shown in the middle panel.
The right panel of Figure 1 compares the model predicted azimuthal averaged radial profile with the observed profile.
The radial profiles have been normalized to their peak value. It can be seen that the solid line of the model result is much
narrower than the observed profile. This is not surprising since the left panel of Figure 1 shows that the emission comes
from a shell with a thickness less than one-third of the radius while the observed profile is consistent with an emitting
shell with a thickness about half of the radius (Aharonian et al. , 2006). In the 1D model proposed by Berezhko & Vo¨lk
(2010), it is claimed that a broad radial profile can be produced by considering the angular resolution of the observations.
This 1D model predicts a very bright rim at the shock front. The smoothing effect caused by the angular resolution of the
observations can reduce the brightness of this rim dramatically and therefore suppress the brightness contrast between
the center and the shock front regions. In our 2D model, we don’t have a very bright rim and the azimuthal variance
also reduces the intrinsic brightness contrast of the averaged radial profile. The angular resolution of the observations
does not change the brightness contrast between the center and the shock front regions drastically.
Considering the complex structure of the magnetic field in the left panel Figure 1 and its dependence on the large
scale magnetic field, projection effect may play a role in the brightness profile. Instead of averaging of the whole 2pi angle,
the dotted line shows the profile averaged from 0.7pi to 0.95pi. The model prediction is more consistent with observations
than the solid line. However, the brightness profile of the model still falls faster than the observed profile near the edge
of the remnant. 3D simulations are needed to clarify this issue.
3.2. Application to TeV Images of SNRs
Besides SNR RX J1713.7-3946, SNR RX J0852.0-4622 is another very important Galactic SNR. Its X-ray and gamma-ray
images are consistent with a very thin shell of 1◦ in radius and ∼ 0.2◦ in thickness. Its radius is 5− 10 pc(Aharonian et
al. , 2005, 2007) for a distance of 0.26− 0.50 kpc, and its age is about 420− 1400 yrs (Bamba et al. , 2005). The young
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Table 1. Model Parameters.
Cases ESN Mej Rs n0 Age Vs D Ref.
(erg) (M) (pc) (cm−3) (year) (km/s) (kpc)
RX J0852.0-4622 1× 1051 1.4 8 0.1 990 5200 0.5 1-3
RX J1713.7-3946 2× 1051 2 9 0.8 1600 3700 1.0 4-7
RCW 86 1× 1051 1.4 11 0.4 1800 3900 1.9 8-11
HESS J1731-347 1× 1051 2 13 0.1 2000 4300 3.0 12-15
Reference - (1) Aharonian et al. (2005); (2) Aharonian et al. (2007); (3) Bamba et al.
(2005); (4) Fukui et al. (2003); (5) Cassam-Chena¨ı et al. (2004); (6) Acero et al. (2009);
(7) Aharonian et al. (2006); (8) Aharonian et al. (2009); (9) Rosado, et al. (1996); (10)
Bocchino et al. (2000); (11) Vink et al. (2006); (12) Tian, et al. (2008); (13) Aharonian et
al. (2008); (14) Abramowski et al. (2011); (15) Bamba et al. (2012)
Fig. 2. The structure of magnetic energy density B2 for four SNRs investigated in this paper. The parameters of model
are described in Table 1.
shell-type SNR RCW 86 (also known as G315.4-2.3 and MSH 14-63) has been observed in radio (Kesteven & Caswell
, 1987), optical (Smith , 1997), X-ray (Pisarskietal et al. , 1984), and gamma-ray (Yuan et al. , 2014; Aharonian et al.
, 2009) with a nearly circular shape of 40′ in diameter. Rosado, et al. (1996) deduced a distance of 2.8 kpc and an
age of ∼ 10, 000 years by using optical observations, whereas recent observations of the northeast part of the remnant
with the Chandra and XMM-Newton satellites strengthen the case that the event recorded by the Chinese in 185 AD
was a supernova and RCW 86 is likely its remnant (Vink et al. , 2006). Tian, et al. (2008) reported the discovery of a
faint radio and X-ray shell with a distance of 3.2± 0.8 kpc closely matching the extended TeV source HESS J1731-347
(Aharonian et al. , 2008). Deeper γ-ray observations of the source have revealed a large shell-type structure with similar
position and extension (r ∼ 0.25◦) as the radio SNR, confirming their association (Abramowski et al. , 2011). These
authors suggested that its distance is not much larger than the derived low limit of 3.2 kpc, and a physical size of ≤ 15
pc is also reasonable.
To improve the fitting to the azimuthal averaged radial profile of the TeV brightness, one may adjust the mean density
n0 of the ambient medium. In the following, we will adjust n0 as the major free parameter to fit the radial brightness
profile of these SNRs. Considering the ambiguity of the progenitor, we picked the mass and total energy of the ejector
in a reasonable region to reproduce the physical size of these SNRs. A fit to the observed radial TeV brightness profile is
then used to constrain the density n0. The model parameters are shown in Tab.1 including the output parameters, such
as the shock velocity Vs and age.
Figure 2 shows the magnetic energy density. It is evident that the shell thickness increases with the increase of
the mean density of the background. The results for RX J1713.7-3946 and RCW 86 have thicker shells than the other
two sources. Figures 3 and 4 show that the TeV morphology and radial profile of these sources can be approximately
reproduced with our model. To improve this model, one may consider more realistic 3D simulations with the structure
of the progenitor wind and environment of these sources taken into account properly. We note that the background
density derived from our model is higher than the upper limit inferred from the X-ray observations, which poses the
most serious challenge to our model. The thermal X-ray emission must be suppressed in the shock downstream to be
consistent with the absence or weakness of thermal X-ray emission from these sources. Alternatively, in a 3D simulation,
a lower background density may be derived from the TeV radial brightness profiles.
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Fig. 3. Same as the middle panel of Figure 1 but for the four SNRs in Figure 2.
Fig. 4. Same as the right panel of Figure 1 bur for the four SNRs in Figure 2. The data of RX J0852.0-4622, RX J1713.7-
3946, RCW86, and HESS J1731-347 are from HESS observations (Aharonian et al. , 2006, 2007, 2009; Abramowski et
al. , 2011).
4. Discussion and Conclusions
Based on 2D MHD simulations of shell-type supernova remnants evolving in a turbulent background, the evolution of the
magnetic field for these remnants can be obtained. In the leptonic scenario for the γ-ray emission, the observed correlation
between the X-ray and γ-ray brightnesses implies that the energy density of high-energy electrons is proportional to that
of the magnetic field. One can then model the multi-band nonthermal emission with the MHD simulations with the
energy partition between energetic electrons and the magnetic field as a free parameter. It is shown that the radial profile
of the TeV emission is very sensitive to the density of the background plasma. With reasonable parameters for four TeV
bright shell-type SNRs, we reproduce the azimuthal averaged radial brightness profile of the TeV emission obtained with
the HESS observations.
Using multi-dimensional hydrodynamic simulations, Obergaulinger et al. (2014) interpreted the inhomogeneities of
the emission from the SNR RX J0852.0-4622 by assuming the blast wave evolved in a cloudy environment. To reproduce
the morphology of two opposite lobes for the SNR Kepler, Tsebrenko & Soker (2013) proposed that jets existed before
the explosion, which can produce the axisymmetric structure with lobes. Our simulations are intrinsically 2D, and a
3D model including the details of both the ejecta and the background medium around the TeV remnants is needed to
reproduce the detailed structure of nonthermal emission of these four remnants studied here.
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